Insulin resistance is a component of the metabolic syndrome and Type 2 diabetes. It has been recently shown that in liver insulin resistance is not complete. This so-called selective insulin resistance is characterized by defective insulin inhibition of hepatic glucose output while insulin-induced lipogenesis is maintained. How this occurs and whether uncoupled insulin action develops in other tissues is unknown. Here we show in a model of chronic hyperinsulinemia that adipocytes develop selective insulin resistance in which translocation of the GLUT4 glucose transporter to the cell surface is blunted yet nuclear exclusion of the FoxO1 transcription factor is preserved, rendering uncoupled insulin-controlled carbohydrate and lipid metabolisms. We found that in adipocytes FoxO1 nuclear exclusion has a lower half-maximal insulin dose than GLUT4 translocation, and it is because of this inherent greater sensitivity that control of FoxO1 by physiological insulin concentrations is maintained in adipocytes with compromised insulin signaling. Pharmacological and genetic interventions revealed that insulin regulates GLUT4 and FoxO1 through the PI3-kinase isoform p110α, although FoxO1 showed higher sensitivity to p110α activity than GLUT4. Transient down-regulation and overexpression of Akt isoforms in adipocytes demonstrated that insulin-activated PI3-kinase signals to GLUT4 primarily through Akt2 kinase, whereas Akt1 and Akt2 signal to FoxO1. We propose that the lower threshold of insulin activity for FoxO1's nuclear exclusion is in part due to its regulation by both Akt isoforms. Identification of uncoupled insulin action in adipocytes suggests this condition might be a general phenomenon of insulin target tissues contributing to insulin resistance's pathophysiology.
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I
nsulin resistance is a disorder in which peripheral tissues fail to properly respond to normal insulin concentrations, resulting in deregulated carbohydrate and lipid homeostasis, which contributes to the risk of developing cardiovascular disease and Type 2 diabetes mellitus (T2DM). Although insulin resistance is defined by impaired insulin action, in this condition not all insulin functions are equally affected (1) . Complete blockade of hepatic insulin signaling, as observed in humans with inherited mutations of the insulin receptor, results in hyperinsulinemia and hyperglycemia but low plasma triglycerides. Intriguingly, patients with T2DM have impaired insulin regulation of glucose homeostasis, but they have enhanced insulin-mediated hepatic lipogenesis. This so-called selective deregulation or "uncoupling" of glucose and lipid metabolism results in the deleterious combination of hyperinsulinemia, hyperglycemia, and hypertriglyceridemia (2) . Thus, during the development of hepatic insulin resistance, downstream effectors of the insulin signaling pathway are differentially impaired, giving rise to a phenomenon known as "selective insulin resistance." To date, the molecular mechanisms mediating selective perturbation of insulin action in the insulinresistant state remain unknown. Furthermore, whether selective insulin resistance is a liver-specific phenomenon or develops in other insulin responsive tissues has not been addressed.
Insulin's metabolic action is largely mediated through the activation of the phosphatidylinositol 3-kinase (PI3)-kinase and its downstream effectors the Akt kinases (3). Consistent with a central role for this pathway in insulin action, deregulation of PI3-kinase/Akt signaling is a hallmark of insulin-resistant tissues (4). The PI3-kinase/Akt pathway is a complex signaling network (5) . PI3-kinase is a heterodimer containing a regulatory subunit and a p110 catalytic subunit, both of which are a family of isoforms (6) . Likewise, protein kinase Akt exists as three isoforms in mammalian cells, Akt1-3 (7). Recent studies indicate PI3-kinase/Akt isoform signaling specificity in insulin-regulated glucose metabolism. Among p110 isoforms, p110α activity is essential to insulin-regulated hepatic gluconeogenesis and glucose transport into fat and muscle cells (8, 9) . Akt2 is the predominant Akt isoform mediating insulin's control of glucose metabolism (10) (11) (12) (13) (14) . A role for p110α and Akt2 in insulin-mediated lipid metabolism has also been described (15, 16) . Thus, strong experimental evidence suggests that isoform signaling specificity within the PI3-kinase/Akt pathway mediates insulin's metabolic regulation. Intriguingly, this diversity of signaling downstream of the insulin receptor could provide branch points for selective signaling deregulation during the development of insulin resistance.
Here we found that hyperinsulinemia-induced perturbation of PI3-kinase/Akt signaling results in selective insulin resistance in adipocytes, in which insulin-induced GLUT4 trafficking is impaired while FoxO1 nuclear exclusion is largely preserved. Our data indicate that distinct insulin sensitivity and Akt signaling requirements for GLUT4 translocation and FoxO1 nuclear exclusion might underlie the uncoupling of these processes upon chronic insulin exposure.
Results
Hyperinsulinemia Uncouples Insulin Regulation of GLUT4 and FoxO1.
Hyperinsulinemia, a cause of insulin resistance in peripheral tissues, can be modeled by the chronic exposure of cultured 3T3-L1 adipocytes to high concentrations of insulin (17, 18) . Here we use that model to investigate how deregulation of the PI3-kinase/Akt signaling affects insulin action. Adipocytes were incubated with 10 nM insulin for 16 h (referred to as chronic hyperinsulinemia) followed by 8 h incubation in serum-free medium to return cells to basal state, after which the effects of 1 nM insulin were assayed (19) . One of the main acute effects of insulin is to induce the translocation of intracellular GLUT4 glucose transporter to the plasma membrane, thereby increasing glucose transport (20) . To monitor GLUT4 behavior in adipocytes, we use a previously described HA-GLUT4-GFP reporter and quantitative fluorescence microscopy ( Fig. S1A) (21) . As shown in past studies, chronic hyperinsulinemia impaired both insulin-stimulated Akt phosphorylation and GLUT4 translocation to the plasma membrane ( Fig. 1 A and B) (18, 19) . The defect in GLUT4 translocation was fully reversed when cells were recultured for 40 h in growth medium without excess insulin, demonstrating that the adipocytes are not irreversibly damaged by the 16 h exposure to 10 nM insulin (Fig. 1B) .
Exclusion of the transcription factor FoxO1 from the nucleus is another function of insulin downstream of Akt (Fig. S1B ) (22) . Interestingly, despite impaired Akt activation and blunted GLUT4 translocation, nuclear exclusion of FoxO1 stimulated by 1 nM insulin was preserved in cells exposed to chronic hyperinsulinemia (Fig. 1C) . Insulin inactivates FoxO1 in adipocytes to control lipid metabolism, in part through the down-regulation of adipose triglyceride lipase (ATGL) and inhibition of lipolysis (23) . Consistent with a negative role for FoxO1 in the control of lipolysis, we also found that FoxO1 knockdown caused an increase in neutral lipid accumulation concomitant with ATGL downregulation (Fig. S1 C-E) . To correlate the effect of chronic hyperinsulinemia on FoxO1 regulation and lipid metabolism we examined ATGL expression, lipid accumulation, and glycerol release. Immunofluorescence and Western blotting analyses revealed a reduction of ATGL following chronic hyperinsulinemia ( Fig. 1 D and E) . Concurrent with the reduction in ATGL, there was near 50% increase in neutral lipid accumulation and glycerol release was decreased by 70% in adipocytes exposed to chronic hyperinsulinemia ( Fig. 1 D, F , and G). Although additional mechanisms might contribute to lipid accumulation in adipocytes exposed to chronic hyperinsulinemia (e.g., increased lipogenesis), our results indicate that preserved FoxO1 insulin responsiveness correlates with decreased lipolysis and enhanced lipid accumulation in this model of insulin resistance. Our analysis of GLUT4 translocation and FoxO1 exclusion from the nucleus establish a state of uncoupled insulin action in cultured adipocytes exposed to chronic hyperinsulinemia.
GLUT4 Translocation and FoxO1 Nuclear Exclusion Have Different
Sensitivities to Insulin. To further characterize the uncoupling of insulin-controlled GLUT4 translocation and FoxO1 nuclear exclusion, we determined the insulin-dose responses of these processes in adipocytes. FoxO1 nuclear exclusion was about 10 times more sensitive to insulin than GLUT4 translocation, with ED 50 s of approximately 3.1 pM AE 2.7 pM and 68 pM AE 20 pM insulin, respectively ( Fig. 2 A and D) . FoxO1 expression modulates insulin sensitivity in certain cellular contexts (22); therefore, to ensure that overexpression of the FoxO1-GFP was not affecting our measurements of FoxO1 insulin-dose response, we confirmed the increased sensitivity of FoxO1 to insulin by immunofluorescence of endogenous FoxO1 (Fig. S2) .
Insulin regulation of both GLUT4 and FoxO1 are dependent on Akt activation. Akt regulates GLUT4 translocation in part through the phosphorylation and inhibition of the RabGAP TBC1D4 (AS160), whereas FoxO1 is a direct substrate of Akt (24) (25) (26) . Insulin induces dose-dependent phosphorylations of Akt, FoxO1, and TBC1D4 ( Fig. 2 B and C) . Interestingly, FoxO1 phosphorylation at Ser 256 , a gate-keeping site for FoxO1 nuclear exclusion, displayed enhanced insulin sensitivity compared to TBC1D4 phosphorylation ( Fig. 2 C and D) . These data are consistent with the observation that FoxO1 nuclear exclusion is more sensitive to insulin than GLUT4 plasma membrane translocation.
Chronic Hyperinsulinemia Rightward Shifts the Insulin-Dose Response for FoxO1 Nuclear Exclusion. The increased sensitivity of FoxO1 to insulin prompted us to reexamine the effect of chronic hyperinsulinemia on exclusion of FoxO1 from the nucleus. FoxO1 nuclear exclusion stimulated by insulin concentrations ≥0.1 nM was not affected; however, the activities of lower insulin concentrations were indeed blunted (Fig. 2E) . Thus, the insulin resistance of FoxO1 nuclear exclusion was revealed at low insulin concentrations, in contrast to the insulin resistance of GLUT4 translocation, which was detected at a wide range of insulin concentrations (Fig. 2E) . Consequently, in adipocytes with impaired insulin signaling, low physiological doses of insulin that normally induced FoxO1 nuclear exclusion would no longer do so. However, at higher insulin concentrations (>0.1 nM), FoxO1 will remain sensitive to insulin action while GLUT4 translocation will be impaired.
Different Thresholds of p110α Activity for GLUT4 Translocation and FoxO1 Nuclear Exclusion. Activation of PI3-kinase is critical for insulin's metabolic actions. Past studies demonstrated that insulin-stimulated glucose transport was solely dependent on p110α (8) . Consistent with those findings, we observed that pharmacological inhibition of p110α, but not p110β, p110δ, or p110γ, blunted insulin-induced GLUT4 translocation (Fig. 3A) . Furthermore, we found that insulin-stimulated FoxO1 nuclear exclusion was also solely dependent on p110α, supporting a key role for p110α in insulin control of adipocyte metabolism (Fig. 3A) . Complete inhibition of p110α with PI90 (2 μM) completely inhibits insulin-stimulated phosphorylation of Akt and blocked insulinstimulated FoxO1 nuclear exclusion (Fig. 3 A and B) . However, a lower concentration of the PI90 (0.2 μM) that only partially blocked Akt phosphorylation impaired GLUT4 translocation but not FoxO1 nuclear exclusion (Fig. 3 A and B) . These results are consistent with FoxO1 nuclear exclusion requiring less p110α activity than GLUT4 translocation.
To further investigate the differences in GLUT4 and FoxO1 dependency on PI3-kinase activity, we characterized the effect of transient knockdown of PTEN, a PI-3,4,5-trisphosphate 3-phosphatase with a role in counteracting PI3-kinase action (27) . As anticipated, depletion of PTEN resulted in enhanced Akt phosphorylation (Fig. 3C) , and a shift in the dose-responses for insulin-stimulated GLUT4 translocation and FoxO1 nuclear exclusion (Fig. 3 D and E) , consistent with increased PI3-kinase activity. Interestingly, depletion of PTEN induced FoxO1 nuclear exclusion in the absence of insulin, while PTEN knockdown was not sufficient to promote GLUT4 plasma membrane translocation. Expression of a constitutively active form of p110 is sufficient to trigger GLUT4 translocation (28) ; therefore, the fact that depletion of PTEN is sufficient to mobilize FoxO1 but not GLUT4 further indicates that different levels of p110α activity are required to modulate those insulin effectors. The values were derived from the data in A and C using a dose-response logistic curve fit. (E) Insulin-dose response for HA-GLUT4-GFP translocation and FoxO1-GFP nuclear exclusion in control adipocytes and adipocytes exposed to chronic hyperinsulinemia (CHI). Each point is the mean AE SEM, n ≥ 3. Akt Isoform Selectivity in GLUT4 Translocation but not FoxO1 Nuclear Exclusion. Downstream of p110α, multiple Akt kinase isoforms are activated by insulin in adipocytes. Akt2 is the predominant isoform required for GLUT4 translocation (13, 14) . The Akt isoform requirements for FoxO1 nuclear exclusion in adipocytes are not known. Consistent with past studies, we found that down-regulation of Akt2 specifically impaired insulin-stimulated GLUT4 translocation, whereas Akt1 knockdown did not inhibit GLUT4 translocation nor did knockdown of both isoforms have a greater inhibitory effect than Akt2 knockdown (Fig. 4A) . GLUT4 translocation requirement for Akt2 was not overcome by increasing doses of insulin. In contrast, knockdown of either Akt isoform rightward shifted the insulin-dose-response curve for FoxO1 nuclear exclusion, although Akt1 knockdown showed a trend toward a greater inhibitory effect (Fig. 4B) . Thus, unlike Akt2 isoform-specific control of GLUT4, both Akt1 and Akt2 signal to FoxO1 in response to insulin. Interestingly, there was no significant additive effect in the inhibition of FoxO1 regulation when Akt1 and Akt2 were simultaneously knocked down (Fig. 4B) . However, pharmacologic inhibition of Akt1 and Akt2 blocked insulin-stimulated FoxO1 nuclear exclusion (Fig. 4C) . These data suggest that residual Akt1 and/or Akt2 in the double knockdown cells account for the residual activity of insulin on FoxO1 distribution ( Fig. S3 A and B) , although possible off-target effects of the Akt inhibitor cannot be excluded. Regardless, we found that Akt1 or Akt2 rescued the defect on FoxO1 regulation in Akt1 KD or Akt2 KD cells, demonstrating that Akt1 and Akt2 are interchangeable in regulating insulin-induced FoxO1 nuclear exclusion ( Fig. S3 C and D) .
To further characterize the role of Akt isoform-specific signaling in the regulation of GLUT4 and FoxO1, we studied the effects of overexpression of Akt1 and Akt2. Transient overexpression of either Akt isoform by electroporation, which results in more than 10-fold increase in the expression of these kinases (14), did not affect basal or insulin-induced GLUT4 plasma membrane localization but triggered FoxO1 phosphorylation and nuclear exclusion in basal adipocytes (Fig. 4 D and E and Fig. S3E ). The effect on basal FoxO1 distribution was blocked by the Akti1/2 inhibitor, demonstrating that unstimulated activity of overexpressed Akt1 or Akt2 was sufficient to exclude FoxO1 from the nucleus (Fig. 4E) . The failure of overexpression of Akt to promote GLUT4 translocation in basal adipocytes does not reflect a requirement for non-Akt signaling because overexpression of constitutively active forms of either Akt1 or Akt2 promotes GLUT4 translocation (14, 29) . To further investigate the contribution of Akt isoform signaling to the differences in insulin sensitivity of GLUT4 translocation and FoxO1 nuclear exclusion, we performed dose-response studies of insulin-induced Akt1 and Akt2 activation. In vitro measurement of Akt isoform activity revealed a significantly higher catalytic activity of Akt1 compared to Akt2 at every insulin dose analyzed (Fig. S3F) . Thus, although in vivo additional factors might contribute to Akt1 and Akt2 activity levels (i.e., expression levels, subcellular compartmentalization, substrate affinity), our data strongly indicate that phosphorylation of FoxO1 by Akt1 contributes to the enhanced insulin sensitivity of FoxO1 compared to GLUT4. Our data support the conclusion that GLUT4 and FoxO1 have distinct Akt isoform signaling requirements as well as distinct sensitivity to Akt activity levels in adipocytes.
Uncoupled Insulin Regulation of GLUT4 and FoxO1 Results from Distinct Thresholds of PI3-kinase/Akt Signaling Required to Modulate
These Effectors. The differences we have discovered in Akt isoform requirements for control of GLUT4 and FoxO1 could underlie uncoupled insulin regulation of these effectors in adipocytes exposed to chronic hyperinsulinemia. For example, chronic hyperinsulinemia could specifically affect insulin-activation of Akt2, which would have a greater effect on GLUT4. We tested the effect of chronic hyperinsulinemia on Akt isoform activation. Insulin-induced phosphorylation of Akt1 and Akt2 was similarly blunted in adipocytes chronically exposed to elevated insulin (Fig. 4F) . Thus, chronic hyperinsulinemia affected the phosphorylation of both Akt isoforms equally, indicating that differences in the thresholds of PI3-kinase/Akt activity required to mobilize GLUT4 and FoxO1, rather than selective Akt isoform signaling deregulation, underlies the uncoupled insulin response of adipocytes exposed to chronic hyperinsulinemia.
Discussion
In this study we found that prolonged exposure to hyperinsulinemia results in "selective insulin-resistant" adipocytes, in which insulin-stimulated GLUT4 translocation is impaired while insulin-stimulated FoxO1 nuclear exclusion is maintained. Our data indicate that these changes are the result of inherent differences in insulin sensitivity of GLUT4 translocation and FoxO1 nuclear exclusion. A physiologically relevant insulin concentration, 1 nM insulin, which induces near maximal GLUT4 translocation in control adipocytes, fails to do so in insulin-resistant adipocytes. However, because FoxO1 nuclear exclusion is more sensitive to insulin than GLUT4 translocation, 1 nM insulin is still fully active for FoxO1 nuclear exclusion in the insulin-resistant adipocytes. Hyperinsulinemia-mediated perturbation of insulin signaling causes a rightward shift of the insulin-dose response for FoxO1 nuclear exclusion, resulting in impaired FoxO1 nuclear exclusion only at low physiological doses of insulin stimulation. The insulin resistance of FoxO1 could be relevant in states of adipose insulin resistance that are not accompanied by hyperinsulinemia. However, in the hyperinsulinemic state, characteristic of systemic insulin resistance, the differences in the sensitivities of GLUT4 and FoxO1 to insulin would lead to an uncoupling of insulin regulation of glucose transport and lipid storage in adipocytes. Therefore, uncoupled insulin action, a phenomenon associated with hepatic insulin resistance, might be a general characteristic of insulin-resistant tissues and contribute to the pathophysiology of insulin resistance.
Hepatic insulin resistance is characterized by impaired insulin inhibition of gluconeogenesis due to deregulation of FoxO1, while insulin regulation of fatty acid and triglyceride biosynthesis through the transcription factor SERBP-1c is maintained, contributing to hyperglycemia and hypertriglyceridemia (30, 31) . Intriguingly, we found that FoxO1 regulation is largely preserved in adipocytes exposed to chronic hyperinsulinemia, revealing tissue-specific differences in the regulation of FoxO1 by insulin. FoxO1's insulin sensitivity and signaling requirements might differ in fat and liver due to: (i) the distinct functions of FoxO1 in those tissues. Hepatic FoxO1 modulates carbohydrate metabolism (30) , while in the adipose FoxO1 contributes to lipid storage regulation (23, 32) ; (ii) the higher levels of insulin to which liver cells are exposed compared to adipocytes, both in the fasted and postprandial state (33) . However, despite tissue-specific differences in molecular effectors controlling fat and carbohydrate metabolism, impaired insulin regulation of cellular metabolism in fat and liver both promote hyperglycemia. Thus, glucose metabolism is generally more sensitive to deregulation of insulin signaling than is lipid metabolism, consistent with our observations that a higher threshold of insulin signaling is required for regulation of glucose metabolism than for control of lipid metabolism in fat cells. Insulin lowers blood glucose via effects on liver, adipose, and muscle. The higher threshold for insulin's blood glucose lowering effects might serve as a critical safe guard against hypoglycemia.
What are the consequences of uncoupled insulin action in fat cells? Adipose tissue has an important endocrine function in the regulation of whole body metabolism through the secretion of various of adipokines (34) . Ablation of GLUT4 in adipocytes, and consequent changes in adipose glucose metabolism, results in whole-body insulin resistance (35) . Thus, the perturbation of GLUT4 translocation in insulin-resistant adipocytes will not only promote hyperglycemia by reduced glucose flux into adipose tissue but it will also contribute to whole-body insulin resistance via alterations in adipose endocrine functions.
The contribution of adipose FoxO1 in insulin resistance is less clear. FoxO1 modulates energy homeostasis through the regulation of adipocyte size and gene expression (36) . Insulin inhibition of FoxO1 might contribute to modulation of fat storages by downregulating ATGL expression and lipolysis (23, 32) . Our data show that adipocytes exposed to chronic hyeprinsulinemia maintain FoxO1 insulin responsiveness and consequent reduced ATGL expression, consistent with the observation that ATGL is downregulated in animal models of insulin resistance (37) . Moreover, reduced ATGL expression is related to the degree of insulin resistance and hyperinsulinemia in obese subjects (38) . Thus, in chronic hyperinsulinemia, inhibition FoxO1 activity and the resultant decrease in ATGL might result in enhanced triglyceride accumulation in adipocytes. In the short-term enhanced lipid accumulation in fat cells might provide a protective response to elevated nutrients. However, in the long-term impaired lipid utilization in adipocytes might have detrimental consequences. For instance, enlarged adipocyte size has been correlated with changes in adipocyte function and metabolic disease (39, 40) . Additionally, FoxO1 is a known regulator of the cellular redox state (41) , and sustained inhibition of FoxO1 in insulin resistance might lead to enhanced oxidative stress further contributing to impaired insulin action in the fat cell.
How deregulation of the PI3-kinase/Akt signaling pathway relates to insulin resistance is only beginning to be elucidated. It has been proposed that selective hepatic insulin resistance might originate downstream of Akt (15) . Here we find that selective insulin resistance in adipocytes derives from differences in insulin sensitivity and PI3-kinase/Akt signaling requirements of GLUT4 translocation and FoxO1 nuclear exclusion. Our data show that insulin-stimulated GLUT4 translocation and FoxO1 nuclear exclusion are controlled by p110α, consistent with p110α being the main PI3-kinase isoform activated by insulin in insulin-responsive tissues (8, 9, 16 ). However, a lower level of p110α activity is required to signal to FoxO1 than to GLUT4. Therefore, in normal physiologic conditions the distinct sensitivities to PI3-kinase activity of different pathways downstream of the insulin receptor could be critical for the proper integration of the metabolic functions of insulin, and these different thresholds for activation could provide the basis for the selective deregulation of insulin action in the pathologic condition of reduced insulin sensitivity.
Downstream of active p110α, the Akt kinases are critical signal transducers mediating insulin's metabolic control. Insulin-stimulated GLUT4 translocation relies on Akt2 activity (13, 14) , and here we show that Akt1 and Akt2 both contribute to FoxO1 regulation. Thus, the flux of insulin-stimulated p110α activity converges on FoxO1 through Akt1 and Akt2, while only p110α/ Akt2 signaling translates into GLUT4 mobilization to the plasma membrane. We propose that this difference underlies the enhanced insulin sensitivity of FoxO1 compared to GLUT4. The Akt-isoform-signaling flexibility of FoxO1 regulation guarantees FoxO1 nuclear exclusion even when Akt1 and 2 signaling are partially impaired, such as in hyperinsulinemia (Fig. 4G) .
Apart from distinct Akt-isoform-signaling specificity, GLUT4 and FoxO1 also display distinct sensitivities to Akt activity levels, because overexpression of either Akt1 or Akt2 triggered FoxO1 nuclear exclusion but not GLUT4 translocation. Although we do not know the cause of those differences, it has been shown that subcellular compartmentalization of Akt activity contributes to substrate recognition and regulation (14, 42) . GLUT4 regulation strongly relies on the total amount of Akt activity at the plasma membrane environment (14, 43) , whereas it is likely that nonplasma-membrane-localized Akt phosphorylates FoxO1, and these different Akt pools might be differently affected in the insulin-resistant state.
In summary, our data reveal that in a model of chronic hyperinsulinemia adipocytes develop a state of selective insulin resistance. Our study indicates that uncoupled insulin action, a phenomenon first described in the insulin-resistant liver, might be indeed a general feature of insulin-resistant tissues consequent to deregulation of PI3-kinase/Akt signaling.
Materials and Methods
Antibodies, Drugs, cDNA Constructs, and siRNA. For detailed information see SI Text.
Cell Culture, Adipocyte Differentiation, and Electroporation. 3T3-L1 fibroblast were cultured, differentiated into adipocytes, and electroporated as previously described (21, 44) . For detailed information see SI Text. Insulin resistance was induced by incubating differentiated 3T3-L1 adipocytes in 10% fetal bovine serum-growth medium plus 10 nM insulin for 16 h (chronic hyperinsulinemia, CHI). Cells were then washed six times and incubated in serum-free medium for 4-8 h to allow the cells to return to unstimulated state. The cells were then challenged with insulin for 30 min as noted. Control cells were similarly treated except the medium was not supplemented with excess insulin during the 16 h incubation. The effect of chronic hyperinsulinemia on insulin signaling and GLUT4 and FoxO1 regulation was studied in parallel samples using biochemical and fluorescent microscopy analyses as described.
Immunoblot Analyses and Immunoprecipitation. For detailed information see SI Text and ref. 14.
GLUT4 Translocation. HA-GLUT4-GFP translocation has been described in detail (21) . Surface-to-total GLUT4 distribution was normalized to that of control cells stimulated with the highest insulin concentration utilized in the experiment.
FoxO1 Subcellular Localization. Nuclear or cytosolic localization of FoxO1-GFP was detected using fluorescence microscopy. Endogenous FoxO1 was detected using indirect immunofluorescence with an anti-FoxO1 antibody (Cell Signaling). Cells were scored for nuclear or cytosolic FoxO1 localization and results are expressed as the percentage of cells in which FoxO1 localized in the cytoplasm.
Neutral Lipid Accumulation. Neutral lipid content in adipocytes was detected using LipidTox neutral lipid stain (Invitrogen). Cells were fixed in 3.7% formaldehyde for 10 min followed by staining with LipidTox neutral lipid stain for 30 min. Nuclei were counterstained using Hoechst 3342 (Invitrogen). Lipid accumulation was measured by fluorescence microscopy, corrected for autofluorescence, and expressed as normalized average fluorescence intensity per cell.
Fluorescence Quantification. Fluorescence microscopy was performed and quantified as previously described (44, 45) .
Statistical Analysis. Student's paired t-test analyses were used for data statistical analysis. Statistical significance was set at p < 0.05.
For additional materials and methods see SI Text.
